Introduction
Continuous health monitoring of composite structures can contribute towards the enhancement of safety and operational cost minimization by optimizing maintenance protocols of aerospace structures. Non-destructive monitoring of the damage developed in continuous carbon fiber reinforced composites during mechanical/operational loading is a key issue in many applications, especially in the field of aerospace structures. The optimal way to proceed for structural health monitoring is to use the material itself as sensor of its own damage. To this end, the electrical resistance change (ERC) method is appropriate since it employs the electrical conductivity, an inherent material property, to identify internal damage. Electrical conduction in CFRPs is realized directly through the conductive carbon fibers but also indirectly through the electrical contacts between the neighboring fibers. The ERC method does not require expensive equipment for instrumentation and does not cause any deterioration of the structure under monitoring. Furthermore the structural weight is not changed.
The ERC method was initially proposed by Baron and Schulte in 1988 and has been studied for the last twenty years by various researchers worldwide [1-4]. In the case of CFRPs, it has been proven that the electrical resistance, the mechanical deformation and damage are interconnected. This conclusion has been verified for various types of mechanical loadings (quasi-static, fatigue, impact etc) but mainly for unidirectional or orthotropic CFRP materials. However, there exist limited studies that employ the ERC method under dynamic mechanical loading and especially fatigue with a view to life prediction. For this reason, the principal aim of this study was to investigate the electromechanical response (ERC method) in order to extract appropriate damage indices for quasiisotropic CFRP laminates under fatigue loading. This was performed with a view to use them to predict the remaining fatigue life of the CFRP.
In parallel, the effect of the dispersion of Multi-Wall Carbon Nanotubes (MWCNT) in the CFRP epoxy matrix was evaluated and compared with neat epoxy CFRPs. The incorporation of the nanotechnology in structural composites is very promising as it may offer increased damage tolerance and additional functionalities, Nano-scale fillers such as carbon nanotubes (CNTs) have . Taking into consideration their high aspect ratio, large surface area and excellent electrical properties, they may offer the benefits of an additional reinforcing phase acting at the nano-scale. Recent studies on unidirectional CFRP composites [8] [9] [10] reported that the CNT inclusion improved the transverse conductivity rendering the UD composite more electrically isotropic. Moreover the resistance change due to monotonic and cyclic tensile loading using was more pronounced for the laminates with the modified matrices. Using a 2 surface probe/4 wires electrode configuration the presence of the electrically conductive CNT network acted as a direct sensor of matrix related damage phenomena, which was complementary to changes related to failure of the reinforcing phase. A good correlation between fatigue damage and environmental degradation with electrical resistance has been also been reported [11-12].
Experimental

Manufacturing
Quasi-isotropic CFRP composites were manufactured by wet lamination and cured in an autoclave.
The quasi-isotropic lamination sequence was [0, +45, 90, -45] 2S . A unidirectional carbon fibre layer produced by Wela, Germany, was utilized, (weight 160 g/m 2 ). The epoxy matrix was the aerospace approved system Araldite LY564/Aradur HY2954 by Huntsman Advanced Materials, Switzerland.
The curing profile included one hour at 80 o C and eight hours at 140 o C. Two types of CFRP laminates were manufactured. A conventional (reference) composite that employed plain epoxy as a matrix and a nano-modified composite where a small weight percentage of MWCNTs (0.5%) was employed to modify the same epoxy system. The MWCNTs were supplied by ARKEMA, France and were produced by catalyzed CVD (98% purity). Their diameter ranged from 10-15 nm and they were more than 500 nm long i.e. their aspect ratio was approximately 30-50. The dispersion of the MWCNTs in the epoxy was performed using a Torus Mill device (VMA Getzmann GmbH). The Torus Mill reduced the nano-particle agglomerates as it introduced high shear forces by a high speed rotating disc and in conjunction with a milling effect generated by zirconium dioxide beads of 1. The neat and the nano-doped resin were used for the manufacturing of the respective CFRP composite panels as described earlier. The final thickness of the CFRPs was 2.4±0.1 mm. The volume fraction of both panels was measured using a light microscope at approximately 58%. The void content was negligible using the same method. Tensile specimens were cut from the composite panels using a water-jet. The specimens were subsequently placed in an oven at 50 o C for 20 hours in order to eliminate any humidity. The specimens were 250±0.5 mm long by 20±0.2 mm wide, according the ASTM-D3039 and ASTM-D3479 standards.
Testing Procedure
Prior to fatigue, quasi static tensile tests (ASTM D-3039) were performed in order to define the ultimate strength (σ uts ) values that were employed for the definition of the fatigue stress levels. The results showed that the ultimate strength was 530±15 MPa for the conventional CFRPs and 495±22
MPa for the nanomodified CFRPs. All chosen stress levels (80%, 70% and 60% of σ uts ) were higher than the endurance fatigue limit so as to ensure the fracture of the specimen. The chosen fatigue parameters were; cyclic frequency f = 5 Hz, stress ratio R= 0.1. All tests were performed using an INSTRON universal testing machine equipped with 100 kN load cell. The measurement of electrical resistance was performed using a digital multimeter (KEITHLEY-DMM-2002). As depicted in Figure 1 , this study used a four (4) wire electrical resistance measuring method with a two (2) probe/electrodes topology. The 4 wire method, was selected to eliminate the parasitic resistance of the cables. The topology of the measurement covered the complete volume of the specimen at the longitudinal axis of the specimen. Therefore, the electrodes placed covered almost all the gripping area of the specimens together with the free cross sections. For optimum electrical contact, the top and bottom cross-section of the specimen were coated with electrically conductive paint (silver loaded paint). The electrodes were formed using straps of electrically conductive adhesive tape (silver loaded adhesive tape), which were wrapped around the gripping area and the free cross sections so as to achieve good electrical contact with the conductive paint. The emery cloth, which was proposed as tab material by the fatigue standard, served also as electrical insulation of the specimen from the grips. Additionally, two thermocouples (type K) for recording the temperature of the specimen during fatigue were placed on the surface of each specimen at an 80 mm distance apart (Figure 1) . A thermo-conductive paste was used for optimum thermal contact.
All parameters (electrical resistance, temperature, load, displacement, time, etc) were recorded simultaneously using a central logging system (Figure 2 ). The sampling frequency of the system was 25 Hz, so as to allow for 5 readings of electrical resistance per fatigue cycle for the selected frequency of 5 Hz.
Results
As has been confirmed in previous studies [10] [11] , the electrical resistance monitoring system was able to follow directly the applied strain cycle during the complete duration of tension-tension fatigue tests. As can be seen in Figure 3 , a fivefold sampling rate compared to the fatigue frequency enabled real time strain monitoring. Additionally ( Figure 4 ) the mean -stress/cycle free-electrical resistance change (or the relative resistance change at zero load for each fatigue cycle) is plotted against the number of fatigue cycles. This relative resistance change was recorded until fracture for all tested specimens and revealed a repeated pattern of electro-mechanical behavior during fatigue loading: during initial stages of loading the resistance drops and afterwards it follows a positive slope up to final fracture. The effect of the temperature profile on the electro-mechanical response was also investigated. The on-line recording of the specimen's temperature during the fatigue loading summarized in Figure 5 revealed a rapid increase at the initial stages of loading followed by a steady response till the final fracture for both materials. For each specimen, the experimentally recorded resistance (R exp ) is a result of the change of the initial/nominal resistance (R o ) due to temperature (ΔR thermal ) and due to damage development (ΔR damage ).
R exp =R o + ΔR thermal + ΔR damage
The expected electrical resistance change due to the temperature can be calculated using the The computed electrical resistance change (ΔR thermal ) was subtracted from recorded value of the resistance in order to obtain the temperature corrected (temperature free) resistance value.
(R o + ΔR damage )= R corrected = R temp-free = (R exp -ΔR thermal ) Figure 6 presents for a random specimen the normalized electrical resistance response (ΔR/R o ) using for the (ΔR=R-R o ) calculation either the experimental (R exp ) resistance value or the corrected resistance value (R corrected ). As can be seen, the temperature contribution to the ERC was almost negligible. Same behavior is observed for all specimens for both materials.
Electromechanical response and fatigue damage accumulation
Well established theoretical considerations [13-15] regard the characteristics of fatigue damage development intrinsic to the lay-up of the laminate. However, the rate of damage development depends upon the intensity of the applied fatigue loading (mean stress and variational amplitude) and the loading spectrum. Since the electromechanical response of the composite is strongly connected to damage accumulation, in the case of the fatigue loading the layup of the composite determines the type, the development and the evolution of the damage while the applied load level controls the rate of damage accumulation. Figure 7 summarizes the electrical resistance change versus fatigue life -both in normalized form-for specimens tested at all stress levels, both for the reference (left) and the CNT doped (right) quasi-isotropic CFRP laminates. As can be seen, the normalized fatigue life, where the lower limit of the electrical response was recorded, was observed -independently of the applied stress-within a very narrow range (NFL min =8.66±3.74 %). Similar observation was made for the nano-modified material. The respective range of minimum resistance for normalized fatigue life (NFL min =6.84±2.40 %) was observed at slightly lower value with narrower range. Additionally in both cases, the upper (maximum) limit of the normalized electrical resistance (resistance variation divided by the initial/nominal resistance) response (ΔR/Ro) max was recorded before final fracture is increasing as the applied stress is reduced for both materials.
Moreover the presence of carbon nanotubes tend to moderate the resistance variation prior to the final fracture (ΔR/Ro) max especially for increased fatigue duration caused by reduced stress levels.
In Figure 8 for the modulus drop as seen in Figure 8 ; this modulus drop coincided with the transition between region I and II. In order to consistently determine the specific value of the lower limit of the relative resistance change, the experimental curve was fitted using a 4 th order polynomial using a least square approximation. The minimum (ΔR/Ro) min was defined as the value where the first derivative of the fitted curve is zero. By applying this methodology to all specimens from all stress levels it was observed that the lower limit (ΔR/Ro) min coincided with a modulus drop of 0.96±0.01
for the reference material and 0.96±0.02 for the nano-modified material.
All aforementioned observations led to the conclusion that the electrical resistance drop recorded at the initial stages of the fatigue test was directly linked to the multiple matrix-cracking along fibers in off-axis plies taking place during region I. The normalized value of the fatigue life where the lower limit (ΔR/Ro) min of the electrical response was recorded (NFL min ) corresponded to the Characteristic Damage State (CDS) of the quasi isotropic laminate.
Although the CDS coincides as percentage of fatigue life to the point where the (ΔR/Ro) min appears, the initial decrease of the electrical resistance of the CFRP laminates is not only related to the damage development but has to do with other mechanisms, which are activated during the first stages of the fatigue loading. Among them the increase in the zero degree (0 o ) of fiber alignment, the fiber piezo-resistive effect, the relaxation of the fiber pre-stressing and the decrease of the contact resistance are attributed to this phenomenon. Those mechanisms are explained in more detail later within Discussion section.
Parallel use of Acoustic Emission (AE) Results
In Figures 12 and 13 In the present study AE activity was monitored by placing one pico AE transducer in the middle of the gauge length of the fatigue samples. The AE sensor used was by Physical Acoustics Corporation (USA) with a frequency range of 100-800 kHz recorded continuous AE activity at a sampling rate of 2 MHz.
In both cases it is observed that during the range of 5 to 10 % of the Fatigue Life, the rate of the AE hits increases significantly. The increase of the AE hits is related with the culminating matrix cracks 
The electromechanical response for Fatigue Life prediction
The experimental results revealed that the response of the electrical resistance is directly linked with the damage accumulation and more specifically the occurrence of (ΔR/Ro) min corresponds to the occurrence of the Characteristic Damage State (CDS). A parameter, that is associated with a specific percentage of stiffness reduction and depends mainly on the composite lamination. Since (ΔR/Ro) min occurs at a specific percentage of the fatigue life (NFL min ) independently from the applied load, an initial estimation of the cycles to failure was possible using a (y=a×x) linear 
Discussion
A reduction of the recorded electrical resistance during initial stages of fatigue was also reported by study, and as is described in the experimental section, the selected design and construction of the electrodes (high pressure applied via the hydraulic grips of the testing machine) secured that the contact resistance was minimized and kept minimum until fracture. Another parameter that may influence the contact resistance is the temperature. During the experimental calculation of the resistance-temperature correction coefficient which was described in a previous section, the same grip-electrode-specimen setup was employed. This fact secured that the temperature correction calculated in the aforementioned section took into account the influence of the temperature of the specimen on the electrode contact resistance. Finally, the overall temperature effect was negligible, and this observation was made for the total temperature effect that included the probable change of contact resistance and the resistance of the specimen. intra-laminar fiber contacts of (90 o ) and (±45 ο ) laminas may offer some additional paths for electrical conduction at (0 o ) electrical conduction. However the influence of this mechanism is limited due to the fact that the (±45 ο ) laminas do not offer any direct electrical path since specimen's rectangular shape had high (>>1) length to width ratio. The analysis of the experimental electrical recordings supports the aforementioned conclusion. Figure 18 and a given number of (0 o ) / (±45 ο ) short-circuits. This network was formed during the composite manufacturing stage due to the pressure applied to the composite forcing the laminates to compact.
Electrical conduction in CFRPs is
As fatigue loading initiated and multiple matrix-cracking along fibers in off-axis plies is developed, the probability of fiber contact increased since any crack developed destroyed the insulating matrix layer between neighboring fibers allowing possible contact. This increased likelihood is translated in greater number of the stochastically created (0 o )/(±45 ο ) short-circuits and the drop the electrical resistance was observed. As the matrix cracking mechanism saturated, the electrical short-circuit mechanism ceased to take place. Afterwards, the systematic failure of the CF gradually increased, leading to the respective loss of direct electrical paths and consequentially to the increase of the were developed to predict the electrical resistance change in unidirectional fiber reinforced composite materials.
Conclusions
This paper studied for first time the electromechanical response to fatigue loading conditions of quasi-isotropic composites. Furthermore the effect of dispersed Multi-Wall Carbon NanoTubes The presence of the MWCNT in the epoxy matrix for carbon fiber based composites did not alter drastically the electrical response, especially for the specific measurement topology and material lamination. Despite the fact that the CNT addition increases the electrical conductivity of the matrix by many orders of magnitude, the effect is masked by the presence of the conductive carbon fibers.
As a result, the nano-doped matrix did not contribute directly to the electrical conduction mechanism. Nevertheless in microscopic level, the presence of the nanotube influenced positively the mechanism of fiber to fiber electrical contact. During fatigue the range of the electrical resistance change (ΔR/Ro) for the nano-doped CFRP specimens exhibited a decreasing trend.
Additionally, the fatigue life prediction the nanocomposites had higher coefficient of confidence Test specimen geometry, electrode and thermocouple setup and location. Figure 2 Central Logging System overview (On-line Parallel Monitoring of electrical resistance, temperature, load, displacement, time, etc) Figure 3 Graph of specimen's electrical resistance and applied load versus time and fatigue cycles Figure 4 Mean -stress/cycle free-electrical response versus fatigue time in loading cycles. Figure 5 Grapg of Temperature variation versus normalized fatigue life. Figure 6 Graph of electrical resistance change normalized with initial value Ro versus fatigue life also normalized. Experimental and temperature corrected results are presented. Inset graph: Temperature profile during fatigue. Figure 7 Normalized electrical resistance change versus normalized fatigue life for various specimens of all stress levels. Figure 8 Stiffness reduction (modulus drop) versus the fatigue life -both in normalized form-for various specimens of all stress levels. Figure 9 (Left) Experimental stiffness loss, normalized to the first cycle stiffness, for a [+45/0/-45/90] 2S composite laminate subjected to fatigue loading conditions. [14] [15] (right) Stages of damage development in the lifetime of a composite material [14] [15] Figure 10 Normalized Electrical resistance change versus modulus drop for reference quasi-CFRP material. Experimental values and polynomial fitting. Figure 11 Normalized Electrical resistance change versus modulus drop for CNT-doped quasi-CFRP material. Experimental values and polynomial fitting. Figure 12 Cumulative number of Acoustic Emission hits versus normalized fatigue life for reference quasi-CFRP material. Also in double axis format normalized electrical resistance and modulus drop. Figure 13 Cumulative number of Acoustic Emission hits versus normalized fatigue life for CNT-doped quasi-CFRP material. Also in double axis format normalized electrical resistance and modulus drop. Figure 14 Fatigue life prediction line versus the fatigue cycles during electrical resistance lower limit for reference quasi-CFRP material. Figure 15 Fatigue life prediction line versus the fatigue cycles during electrical resistance lower limit for CNT-doped quasi-CFRP material. Figure 16 Standard allometric power scaling law fitting (y=a×x t ) of experimental data of fatigue life versus the fatigue cycles during electrical resistance lower limit for reference quasi-CFRP material. Figure 17 Standard allometric power scaling law fitting (y=a×x t ) of experimental data of fatigue life versus the fatigue cycles during electrical resistance lower limit for CNT-doped quasi-CFRP material. Figure 18 On-line response of electrical resistance and load versus fatigue cycles at 35% (right) and 89% (left) of fatigue life. Figure 19 Illustration of (0 o )/(±45 o ) short circuit conduction mechanism 
